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Hydrous materials are ubiquitous in the natural environment and efforts have previously been made to 
investigate the structures and dynamics of hydrated surfaces for their key roles in various chemical and 
physical applications, with the help of theoretical modelling and microscopy techniques. However, an 
overall atomic-scale understanding of the water–solid interface, including the effect of water on surface ions, 
is still lacking. Herein, we employ ceria nanorods with different amounts of water as an example and 
demonstrate a new approach to explore the water–surface interactions by using solid-state NMR in 
combination with density functional theory. NMR shifts and relaxation time analysis provide detailed local 
structure of oxygen ions and the nature of water motion on the surface: the amount of molecularly adsorbed 
water decreases rapidly with increasing temperature (from room temperature to 150 °C), whereas hydroxyl 
groups are stable up to 150 °C; dynamic water molecules are found to instantaneously coordinate to the 
surface oxygen ions. The applicability of dynamic nuclear polarization for selective detection of surface 
oxygen species is also compared to conventional NMR with surface selective-labeling: the optimal method 
depends on the feasibility of enrichment and the concentration of protons in the sample. These results 








Water, the most pervasive molecule on earth,
1
 is involved in numerous chemical and physical processes on 













 Hence, the interactions between 
oxide surfaces and water have long been the subject of study in both industry and academia. Determining the 
structure of an interface is vital to understand the interactions between the oxide surface and water; however, 
owing to the presence of surface defects and the dynamics of interfacial water, challenges exist in 
determining accurate atomic-level geometries and electronic structures at water–oxide interfaces.
9
 Recent 
insights into the behavior of water have been gained mostly with the help of microscopy-based techniques 
and density functional theory (DFT) calculations.
10,11
 Interfacial water molecules are found to associate with 
oxide surfaces via various interactions, including electrostatics, charge transfer and hydrogen bonding.
11,12
 
Molecularly adsorbed water (H2O) molecules can behave as isolated monomers, dimers, greater multimers, 
two-dimensional bilayers, and three-dimensional clusters, as well as in different ice configurations.
7,11,12
 
Surface hydroxyl groups, formed from dissociation of H2O molecules,
13
 can cause reconstructions of oxide 
surfaces,
14–16
 and participate in catalytic reactions under certain circumstances.
2
 Insights have been gained 
with microscopy-based techniques, however these are often performed at ultrahigh vacuum conditions and 
the results are not necessarily indicative of the surface structures under ordinary pressure (e.g. in real 
catalysis); in addition, it is impossible to obtain information on the whole sample with such methods, let 
alone to acquire quantitative details.
17
 Other spectroscopic techniques that can be used to investigate 
hydrated surfaces also require high or ultrahigh vacuum, such as inelastic electron tunneling spectroscopy
9
 
and infrared reflection absorption spectroscopy.
18
 Therefore, it is urgent to develop alternative 




Solid-state NMR spectroscopy is a powerful technique that can monitor local structural information for 
solids
19–21







 (sub-)surface layer oxygen species, as well as surface hydroxyl groups, can be distinguished from 
bulk oxygen in the 
17
O solid-state NMR spectrum of pristine 
17
O labeled ceria (111) surfaces, and identified 
using DFT calculations.
22,23
 Dynamic nuclear polarization (DNP), which involves transferring spin 
polarization from electrons (typically added to the system in the form of organic radicals) to nuclei on a 




 has also been used to achieve surface-selective enhancement of the 
17
O NMR of 
CeO2 nanoparticles.
25
 In a direct DNP experiment, the nucleus of interest is directly hyperpolarized and 
observed, whereas in indirect DNP 
1
H nuclei are first hyperpolarized and the 
1
H polarization diffuses 
throughout the sample before cross polarization is used to transfer the polarization to the nucleus of interest. 
This greatly enhances the NMR signal because the gyromagnetic ratio, and hence the equilibrium 
polarization, of the electron is significantly higher than that of nuclei.  
 
Our previous studies using this methodology of surface selective 
17
O labeling and solid-state NMR 
spectroscopy mainly focus on the detection of surface oxygen species and hydroxyls.
15,22,26,27
 In this work, 
we use ceria nanorods with different water coverages, which are dominated by the (111) surface and have 
large specific surface areas, as a model system to study oxide–water interactions, considering that ceria is 
well-known as a catalyst or an active catalyst support for reactions such as water splitting,
28





 preferential oxidation of CO,
31
 and automotive three-way 
catalysis.
32
 The utilization of conventional and DNP-enhanced 
17
O NMR is complemented by 
1
H solid-state 
NMR spectra, which are used to quantify the coverage of molecular and dissociated water molecules; 
combining these results with DFT calculations, we obtain an overall picture of ceria (111) surface with 
different water coverages and hence a deeper comprehension on the water–surface interactions. Furthermore, 
5 
 
in order to investigate the optimal strategy for surface NMR investigations of hydrated surfaces, we consider 
both direct and indirect DNP and compare them with surface selective isotopic labeling. 
 
RESULTS AND DISCUSSION 
The XRD pattern (Figure S1) of the ceria nanoparticles shows that the ceria sample crystallizes with a 
fluorite structure (JCPDS No. 34-0394). HRTEM images (Figure S2) reveal that the rods of 100 – 200 nm 
length are dominated by the (111) surface but are filled with mesopores (2 – 25 nm). The BET specific 




(Figure S3A), and the size distribution 
of the mesopores (Figure S3B) is consistent with the HRTEM determination. XPS, ICP-MS and elemental 




 residues are not detectable on the surface of 
as-synthesized ceria nanorods (Figure S4 and Table S1). Furthermore, the amount of surface oxygen 
vacancies is quantified as 0.8 % for a representative sample (NRs-100) according to the Raman spectrum 
(Figure S5 and Note S1), and the influence of oxygen vacancies is therefore not considered for the ceria 




O solid-state NMR spectrum for ceria nanorods enriched with 
17
O2 at 300 °C (NRs-
17
O2, Figure S6) 
shows a large signal of bulk oxygen at 877 ppm and relatively sharp signals at 1030, 920, and 829 ppm, 






 (sub-)surface layers of ceria (111), 
respectively, in good agreement with the previous results.
22
 This confirms that the surfaces, both external to 
the nanorods and in the mesopores, are clean crystalline (111) facets, corroborating the TEM analyses.  
 
To investigate the effect of water on the surface environments, samples of ceria nanorods were exposed to 
H2
17




O NMR spectra were recorded (Figure 1; denoted NRs-T, where T is the heat treatment temperature). For 
NRs-100 and NRs-150, the shifts are similar to the 
17







 (sub-)surface layers being observed at 1020, 920, and 833 ppm, respectively; the signal of bulk 
oxygen ions at 877 ppm is much less intense than that of the 
17
O2 enriched sample, which is due to the 
greater surface selectivity of the lower temperature H2
17
O enrichment. Hydroxyl groups can also be 
observed at ~280 ppm, although the intensity is low due to a distribution of environments with large 
quadrupolar coupling constants. In contrast, the RT enriched sample exhibits notable differences in the 
17
O 
spectrum and resonances for the (sub-)surface oxygen species are now observed at 1010, 894 and 845 ppm, 
while the signal of the bulk oxygen ions are unchanged in frequency. Due to the broad linewidth and low 
intensity of 
17
O signals for hydroxyl sites, no obvious change in in the resonant frequency can be observed 
in these samples. As the drying temperature increases, the spectrum evolves towards that expected for a 
pristine (111) surface and in particular the 894 ppm signal progressively shifts towards 920 ppm. 
Furthermore, the sample which was heat treated at 100 °C and then re-enriched with H2
17
O at RT 
(NRs-100→RT) exhibits a similar spectrum to NRs-RT, indicating that the surface structure of the sample 







O solid-state NMR spectra of ceria NRs respectively enriched from RT to 150 °C with H2
17
O. 
The spectra were recorded at a spinning speed of 20.0 kHz for all samples with a 0.5 s recycle delay. A rotor 
synchronized Hahn-echo pulse sequence (π/2-τ-π-τ-acquisition, τ=1 rotor-period) with 
1
H decoupling was 




 layer oxygen environments for the unhydrated 





 layer oxygen environments of the hydrated surface. The bulk and 3
rd
 
sub-surface layer oxygen environments are denoted with inverted red triangles and gold-filled diamonds, 
respectively. All the spectra are scaled by matching the most intense signal. 
 
These spectral variations are likely due to the influence of surface water, which can be progressively 
removed with increasing heat treatment temperature. To test this hypothesis, quantitative 
1
H single pulse 
NMR spectra were measured (Figure 2A), for which the integrated 
1
H NMR intensity clearly decreases with 
increasing drying temperature. Deconvolution of the spectra (Figure S7) reveals a resonance at 5.4 ppm 
8 
 
from molecularly adsorbed H2O molecules,
33
 broad signals between 3.5 – 16 ppm (labeled as ~8.4 ppm) 
assigned to bridging hydroxyl groups (-OHBs, Figure 2A) which are formed by protonating 
three-coordinated oxygen (O3C) ions, and a well-defined peak at 1.6 ppm ascribed to terminal hydroxyl 
groups (-OHTs, Figure 2A) which form when a water molecule bonds to a seven-coordinated cerium (Ce7C) 
ion then loses a proton;
33,34
 the deconvoluted spectral parameters are listed in Table S2. These assignments 
are based on our DFT calculations (see below), which are consistent with previous results.
33,34
 It should be 
noted that the wide linewidth of the -OHB signal is due to a broad distribution of hydrogen bonding 
environments of the -OHB, whereas the sharp -OHT signal indicates a well-defined chemical environment of 
the -OHT. The observation of these hydroxyl groups in 
1
H NMR is consistent with 
17
O NMR results shown 
in Figure 1, indicating that water dissociation occurs on the surface of ceria nanorods.  
 
By combining the integrated 
1
H intensities, the BET specific surface area data and the sample masses, 
concentrations of the molecular (H2O) and dissociated water molecule (-OHT and -OHB) were determined, 
which are shown as a function of the drying temperature in Figure 2B (see also Figure S8 and Table S3). 
Interestingly, the concentrations of hydroxyl species (-OHT and -OHB) are unaffected by the thermal 
treatment up to 150 °C, remaining at around 2.30
 
groups per surface unit respectively, whereas the 
concentration of H2O decreases from RT to 100 °C. These quantifications illustrate that hydroxyl species 
formed on ceria (111) surfaces from water dissociation are stable under vacuum at moderate temperatures, 
while molecularly adsorbed water molecules are readily removed. The variations of the amount of water 
molecularly adsorbed may be associated with the evolution of the 
17
O signals for the (sub-)surface layer 
oxygen ions; in particular, a very low concentration of H2O was determined for the samples enriched at 100 
and 150 °C, which is consistent with the similarity of the 
17
O spectra for these samples to that of pristine 
(111) surfaces.
22
 Note that the thermal treatment at 300 °C before exposure to H2
17
O introduces a significant 
9 
 
amount of surface oxygen vacancies (6 % from Raman analysis, see Figure S9); the water molecules 
introduced during enrichment can dissociate at these vacancy sites and form two surface -OHB groups per 
water molecule,
34
 leading to the larger concentrations of -OHB groups than -OHT for the H2
17
O enriched 
samples. In contrast, the 
17
O2 enriched sample NRs-
17
O2, which was not exposed to water, exhibits 
approximately equal concentration of -OHB and -OHT (0.23 and 0.27 groups per surface unit respectively, 
see Table S3).  
 
Figure 2. (A) 
1
H Solid-State NMR spectra of ceria nanorods enriched from RT to 150 °C with H2
17
O and (B) 
the concentrations of protonated species (-OHT, -OHB and H2O) on the surfaces of ceria nanorods. The 
surface unit is the same as used in the calculations below, [11̅0] × [101̅] = 51.3 Å2, see e.g. Figure 5. Each 
surface unit contains four surface Ce ions and four surface O ions. The 
1
H single pulse NMR measurements 
were carried out at a spinning speed of 20.0 kHz with a recycle delay of 4.0 s. For the inserted sketches in 
Figure 2A, cerium, hydrogen and oxygen ions are off-white, white and red, respectively; this color scheme is 
used throughout the paper. 
 
Although we are able to detect resonances due to H2O with 
1
H NMR (Figure 2A), the corresponding 
17
O 
resonances which would appear at ~0 ppm could not be observed in the conventional 
17
O NMR spectra 
10 
 




O indirect DNP NMR spectrum was therefore recorded for NRs-RT (Figure 3): 




spectrum of NRs-RT; however, upon 
microwave irradiation, two broad resonances centered at 220 and 0 ppm were observed and can be assigned 
to surface hydroxyl groups and H2O molecules, respectively. Although the DNP enhancement cannot be 
calculated due to the lack of signal in the microwave off spectrum, this enhancement is clearly significant; 
furthermore, as previously demonstrated,
25
 the indirect 
17
O DNP NMR spectrum is selective for oxygen ions 






 layer (sub-)surface 
environments observed in the direct excitation 
17
O NMR spectra cannot be detected.
 
The difference in shift 
for the hydroxyl groups between the DNP (~220 ppm) and conventional 
17
O spectra (~280 ppm) is ascribed 
to the difference in temperature (~100 K for DNP, c.f. room temperature), which can have a significant 
effect on the dynamics and hydrogen bonding of the surface water and hydroxyl groups. However, the fact 
that the signal for molecular water is observed at ~0 ppm, the isotropic 
17
O chemical shift for water, rules 
out a significant second-order quadrupolar shift which would contribute more than -100 ppm to the observed 
shift, according to previously reported experimental quadrupolar constants of larger than 5.8 MHz for ice;
35
 
this indicates that there is significant motion of the surface water molecules, which averages the 
17
O 
quadrupolar tensor, even at 100 K. The absence of the signal for surface H2O at ~0 ppm and the low 
intensity of the signals for the hydroxyl groups in the conventional 
17
O NMR spectra (and the 
low-temperature microwave off spectrum) are probably due to the large widths of these signals which lead 







Figure 3. The indirect DNP 
17
O NMR spectra, with and without microwave irradiation of ceria NRs-RT 
impregnated with TEKPol in TCE, recorded at a spinning speed of 12.5 kHz with a recycle delay of 4.0 s 
and a contact time of 500.0 µs
25




O cross polarization. 
 
Rotational-echo double-resonance (REDOR) NMR is a technique for investigating the proximity of 






O REDOR experiments were, therefore, performed in order to 
confirm the correlation between (sub-)surface oxygen species and water on the ceria surfaces. In a REDOR 
experiment, 
17




O dipolar coupling are recorded; the 
difference of the two spectra then reveals signals from 
17
O ions in the vicinity of 
1
H nuclei, which dephase 
under the recoupling.
37,38 




O REDOR experiment for NRs-RT, recorded with 12 
rotor-periods of recoupling (Figure 4A), does not show any signals. This is ascribed to the fast motion of 






 i.e., eliminates the 




O REDOR experiment (Figure 4B), on the other hand, 
exhibits a minor REDOR effect for signals centred at ~830 ppm and ~1050 ppm, suggesting these 
17
O 
signals are close to surface proton or related species, although there is likely to still be significant motional 









O REDOR NMR spectra 
of ceria NRs-RT. The RT and LT
 
measurements were recorded at a spinning speed of 12.5 kHz, with 12 rotor 
periods of recoupling and a recycle delay of 0.1 s. S0 and S1 correspond to the REDOR spectra recorded 
without and with recoupling respectively. Asterisks denote spinning sidebands. 
 
To investigate the adsorption configurations and energies of water molecules at the ceria (111) surface, DFT 
calculations were conducted on hydrated ceria (111) surfaces with between 1/4 monolayer and one 
monolayer of molecularly and/or dissociatively adsorbed water molecules (Figures 5) ; the OM3D1 model was 
also previously reported by Kropp et al.
40
 For all the hydrated ceria (111) surfaces considered, the calculated 
average adsorption energies (𝐸𝑎𝑑𝑠
𝑎𝑣𝑔
) of H2O are negative (ca. -0.5 – -0.7 eV), indicating the favorable 
adsorption of water on ceria (111) surface. 𝐸𝑎𝑑𝑠
𝑎𝑣𝑔
 is comparable for molecular and dissociative adsorption, 






Figure 5. Top views of hydrated ceria (111) surfaces at the water coverages of 1/4 monolayer (A, B), half 
monolayer (C, D), and one monolayer (E, F). OMxDy denotes a model with x molecular water molecules and 
y dissociated water molecules per surface unit. Red, off-white and white spheres represent oxygen, hydrogen 
and cerium ions, respectively. Blue dashed lines denote hydrogen bonds, for which the hydrogen bond 
distances are also given.  
 
The DFT calculations show that molecular H2O adsorption is preferred at the surface Ce7C sites with one 
proton of water hydrogen bonding to the nearby O3C ion(OM1 in Figure 5A). The adsorbed water molecule 
can also dissociate by transferring one proton to the nearby O3C ion, generating two hydroxyls (one -OHB 
and one -OHT) which are associated with each other by a hydrogen bond (OD1 in Figure 5B); these results 
14 
 




H chemical shifts were calculated for model OD1 
(Table S4); these corroborate the assignments of the -OHB and -OHT
 
resonances in the experimental 
1
H 
spectra: if the calculated -OHT shift is aligned with the experimental shift of 1.6 ppm, then the calculated 
-OHB shift is 7.8 ppm, which is in reasonable agreement with the experimental shift of ~8.4 ppm, especially 
given the width of this signal caused by a distribution of hydrogen bonding.   
 
To gain further insights from the 
17
O NMR spectra, the 
17
O NMR parameters (isotropic chemical shift, δiso, 
quadrupolar parameter (CQ and and center of gravity, CG) for the oxygen ions in the models OM1, OM2 
and OM4 were also calculated using DFT (Figures S10 – S18 and Tables S5 – S7). The calculated shifts (CGs) 
for OM1, OM2 and OM4 are compared to the data for oxygen ions at pristine ceria (111) surfaces (from our 
previous work, and the model is abbreviated as OM0 here) (Figure 6).
22
 On adsorption of water, the hydrogen 
bonding to an under-coordinated 1
st
 layer O3C ion causes a decrease in the calculated 
17
O CGs from 1033 
ppm to 924 – 883 ppm, depending on the water concentrations. Concurrently, the 
17
O CGs of the 2
nd
 layer 
oxygen ions decrease from 921 ppm to 913 – 893 ppm, thus these two signals cannot be distinguished from 
each other, again in agreement with the single resonance observed at a lower frequency than 920 ppm in the 
experimental spectra. Furthermore, the higher calculated 
17
O CGs for the 3
rd
 layer oxygen environment of 
868, 861 and 852 ppm for OM1, OM2 and OM4 compared to 837 ppm for OM0 is consistent with the higher 
experimental observed shift at ~845 ppm in a more hydrated sample than 833 ppm in a relatively dry sample, 












(sub-)surface layer with 0, 1, 2 and 4 water molecules per surface unit (corresponding to the models OM0, 
OM1, OM2, and OM4). The shifts summarized in this figure are extracted from our previous work,
22
 Figures 
S12, S15 and S18, and Tables S5 – S7. 
 
The calculations do not, however, reveal a clear trend in the 
17




 layer oxygen 
sites as a function of the water content to explain the increase in the shift of this signal in the experimental 
spectra with increasing drying temperature (Figure 1). Instead, we propose that the observed frequency is a 
weighted average of the chemical shifts with and without hydration, due to motion of the H2O molecules on 





 layer, respectively). After enrichment with H2
17
O and drying under vacuum at room temperature, the 
17
O 
signal is observed at 894 ppm, which is consistent with a fully hydrated region of the sample. With 
increasing drying temperature, the amount of H2O on the surface decreases (as shown by 
1
H NMR, Figure 2), 




 layer oxygen ions spend an increasing fraction of the time without coordination by 
H2O and hence experiencing a higher chemical shift, causing the fast motionally time-averaged frequency to 




H shifts do not show a change on the surface coverage of 




H and the fact that although not every oxygen ion on the surface can be coordinated by water, every water 
molecule is coordinated to a surface oxygen ion since the coverage is less than a monolayer for all the 
samples studied. 
 
Evidence of motion influencing surface oxygen ions can be seen in variable temperature measurements of 
the spin–lattice (T1) relaxation constant between room temperature and 200 K (Figure 7). The T1 follows an 
Arrhenius temperature dependence, increasing with decreasing temperature, indicating motion slower than 
the Larmor frequency (54.3 MHz).
41,42
 To accurately determine the timescale of the motion, the T1 minimum 
would have to be identified by increasing the measurement temperature, but raising the temperature would 
cause the surface to dehydrate, as previously demonstrated, so this is not possible. However, to effectively 
induce T1 relaxation the motion must be on a similar timescale to the Larmor frequency, which is consistent 
with motion that is faster than the maximum peak separation of 6.5 kHz.
43
 From the gradient, an activation 
energy for the motion of 0.17 eV can be extracted, this is a relatively low energy barrier, suggesting that the 
motion of water on the ceria (111) facets is facile and there is only weak interaction between the surface and 
these adsobred water molecules. It can be expected that, at water coverages less than 1 monolayer, the water 
molecules on the surface are generally isolated and the barrier for water migration is only slightly affected 
by the water coverage; therefore, the model OM1 (water coverage: 1/4 monolayer) was chosen to calculate 
the energy barrier for water migration. Based on such model, an activation energy of 0.29 eV is obtained for 
water migration from one surface Ce site to its adjacent surface Ce site (dominated by breaking of the 
Ce-OH2 bond), which is comparable to the experimental value, but slightly higher. This may be ascribed to 
the stabilization of the transition state (Figure S19) by additional hydrogen bonding at water coverages 




Figure 7. Arrhenius plot of the 
17
O T1 constant for the 894 ppm signal of NRs-RT, recorded at 9.4 T and 12.5 
kHz MAS with a saturation recovery pulse sequence and rotor synchronized Hahn-echo detection 
(π/2-τ-π-τ-acquisition, τ=1 rotor-period). 
 
Having demonstrated the information that can be extracted from surface 
17
O NMR spectra, we compare 
different strategies for surface selectivity, namely surface-selective enrichment and DNP. Surface-selective 
enrichment
15,22
 is realized by fast exchange between the high concentration of the isotope being introduced 
and the low concentration of the natural isotope, with low temperatures being used to preclude diffusion into 
the bulk. In contrast, DNP techniques achieve surface selectivity because the biradicals are external to the 
sample and the hyperpolarization mechanism has a 1/r
6
 distance dependence, so that surface nuclei are 
selectively hyperpolarized, enhancing their NMR signals.
25,44
 Figure 8 shows a comparison of these methods 
for ceria nanorods: For the conventional 
17
O NMR spectrum of natural abundance (N.A.) ceria nanorods 
(Figure 8A), only the sharp bulk peak at 877 ppm can be observed, while the N.A. direct DNP 
17
O NMR 
spectrum (Figure 8C) exhibits an additional shoulder at around 894 ppm related to surface oxygen sites. In 
contrast, for the selectively enriched sample, the surface environments can be distinguished in the 
18 
 
conventional NMR spectrum (Figure 8B), while the direct DNP NMR spectrum (Figure 8D) has a lower 
resolution due to both the limitation in spinning speed and the increased linewidth of surface signals at low 




O DNP NMR (Figure 3) can be used to measure signals related to 
surface proton species, which are absent in the corresponding conventional 
17
O NMR spectrum (Figure 1), 
due to the large enhancement of indirect DNP. In conclusion, to measure the NMR spectrum of oxygen ions 
on the surface, the technique of choice depends on the cost and feasibility of the isotopic labeling, as well as 
the presence of 
1
H nuclei from which cross-polarization can be achieved: for poorly enriched or N.A. 
samples, direct DNP is more favorable, and if indirect DNP can be performed, it can give very high 
enhancements; however, for materials which can be readily surface labeled, especially those without 
abundant 
1
H nuclei near the surface, or for which the nuclei of interest is challenging to cross-polarize (i.e. 
quadrupolar nuclei such as 
17
O), surface-selective enrichment combined with conventional NMR 





Figure 8. Conventional 
17
O NMR spectra of (A) N.A. ceria nanorods and (B) NRs-RT, compared to their 
direct DNP spectra (C and D) with and without microwave irradiation. The spectra were recorded at 
spinning speeds of 20.0 kHz for (A and B), 13.9 kHz for (C), and 9.0 kHz for (D). A pre-saturated rotor 
synchronized Hahn-echo pulse sequence (π/2-τ-π-τ - acquisition) was used for the conventional (A, B) and 






H solid-state NMR spectroscopy, combined with DFT simulations, have been utilized to investigate 
the structure and water–solid interactions of hydrated ceria (111) surfaces. The results presented here show 
that the hydrated surfaces consist of three different environments: bare terminal first layer oxygen ions, first 
layer oxygen ions coordinated to water molecules, and surface hydroxyl species formed from water 
20 
 
dissociation. By investigating the 
17
O NMR shifts as a function of the heat treatment temperature, as well as 
performing variable temperature 
17
O relaxometry, highly dynamic water molecules are found to be present 
and instantaneously coordinate to the surface oxygen ions. These results show that 
17
O MAS NMR is an 
ideal probe with high sensitivity to study hydrated surfaces, illustrating the complex nature of interactions 
between oxides and water. DNP NMR spectra supplement the 
17
O spectral assignments; however, by 
comparing isotopic labeling and DNP techniques for the study of surfaces, we conclude that the optimal 
technique depends on the feasibility of enrichment and the presence of protons in the sample. In this work, 
to determine the impact of water on ceria surfaces, isotopic labeling and conventional NMR prove more 
successful, while the detection of surface protonated species (molecular adsorbed water and surface 
hydroxyl groups) benefit greatly from DNP techniques. The methodology presented in this work can be used 
to study the water–solid interactions of other hydrated materials. 
 
EXPERIMENTAL SECTION 
Synthesis of ceria nanorods 
1.96 g Ce(NO3)3·6H2O (Sigma Aldrich, 99.999 %) was dissolved in 40 mL deionized water and stirred for 
10 min. The solution was mixed with 30 mL aqueous NaOH (pH = 14) before continuing stirring for 30 min, 
followed by heating at 100 °C for 24 h in a hydrothermal reactor. The reactor was then cooled down to room 
temperature and a yellow sediment was obtained. Subsequently, the sediment was centrifuged, washed with 
deionized water and dried at 100 °C for 12 h. Finally, the sediment was calcined in a tube furnace at 700 °C 





Powder X-Ray Diffraction (XRD) was performed with a Philips X’Pro X-ray diffractometer with Cu Kα 
21 
 
irradiation (λ = 1.54184 Å) at 40 kV and 40 mA. High-Resolution Transmission Electron Microscope 
(HRTEM) images were acquired on a JEOL JEM-2010 system with an acceleration voltage of 200 kV. X-ray 
Photoelectron Spectra (XPS) were recorded on a Thermo ESCALAB 250 X instrument with an excitation 
source of Al Kα (h= 1486.6 eV). The binding energies were referenced to C 1s at 284.8 eV. 
Brunaure-Emmett-Teller (BET) specific surface area data was measured with nitrogen adsorption at -196 °C 
on a Micromeritics ASAP 2020 instrument. Raman spectra were recorded on a Bruker Multi RAM 
FT-Raman spectrometer utilizing the 514 nm light of a He-Ne laser. The content of Na ions was determined 
with an Optima 5300DV inductively coupled plasma mass spectrometer (ICP-MS) while the content of N 




O Isotopic Labeling  
In a typical 
17
O isotopic labeling procedure, a quartz tube was filled with 180 mg sample, calcined at 300 °C 
under 1 × 10
-3
 Torr for 4 h to remove surface physisorbed water and hydroxyl groups, then cooled to room 
temperature (RT). For the 
17
O2 enriched sample (NRs-
17
O2), commercial 90 % 
17
O-enriched O2 gas (30 mbar, 
Isotec Inc.) was introduced and the tube sealed before heating at 300 °C for 1 h, followed by evacuating the 
tube at 10
-3
 Torr for 5 min. The H2
17
O enriched samples were exposed to 90% 
17
O-enriched H2O vapour 
(Isotec Inc., 30 mbar) in a sealed tube for 1 h at RT, followed by drying under vacuum at 10
-3
 Torr at specific 
temperatures in order to remove any physisorbed H2
17
O (RT, 40 °C, 60 °C, 80 °C, 100 °C and 150 °C, 
abbreviated as NRs-T, where T represents the drying temperature in degree Celsius). An additional sample 
was prepared by re-enriching the NRs-100 with H2
17
O at room temperature and then re-evacuating it at room 
temperature (abbreviated as NRs-100→RT).  
 






H Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) measurements were 
performed at Larmor frequencies of 54.2 and 400.0 MHz, respectively, on a 9.4 T Bruker Avance III 400 





H chemical shifts were referenced to H2O at 0.0 ppm and to adamantane at 1.92 ppm, respectively. 
 
17
O dynamic nuclear polarization (DNP) NMR experiments were recorded on a Bruker Avance III HD 600 
spectrometer equipped with a 395 GHz gyrotron microwave source and an 89 mm wide-bore 14.1 T 
superconducting magnet, yielding a Larmor frequency of 81.3 MHz. A microwave source power of 7.0 W 
was used for the 
17
O DNP experiments. Samples were mixed with radical solution (16 mM TEKPol
46
 in 
dried TCE) inside a N2-filled glove box before packing into 3.2 mm rotors. The 
17
O chemical shifts in DNP 
NMR spectra were referenced to bulk ceria at 875 ppm at 100 K. The temperature of low temperature NMR 
experiments was determined using an ex-situ calibration with the 
207




Details of DFT Calculations 
Spin-polarized DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP),
48
 
using the Perdew-Burke-Ernzerhof (PBE) functional
49
 with a Hubbard U correction (PBE + U).
50
 The 
effective U value applied to the localized Ce 4f orbitals was set to 5.0 eV.
51,52
 This computational setup has 
been shown to be capable of producing results in excellent agreement with experimental observations.
22,26
 
The interaction between core and valence electrons was described with the projector augmented wave (PAW) 
method.
53
 A plane-wave kinetic energy cutoff of 500 eV was used for all calculations. Geometry 
optimizations were finished when the Hellman−Feynman force on each relaxed ion was less than 0.02 
eV·Å
-1
. The convergence criterion for electronic minimization was 10
-5
 eV for geometry optimizations and 
was 10
-8
 eV for chemical shift and electric field gradient (EFG) calculations.
22,26
 The optimized lattice 
23 
 




The (111) surface of ceria was modeled by a 12-oxygen-layer surface slab (i.e., six O-Ce-O tri-layers) with a 
(2 × 2) surface cell (area: 7.7 Å × 7.7 Å × sin 60
o
 = 51.3 Å
2
); the surface slab was found to be thick enough 
since the middle layers of this model reproduce the bulk experimental chemical shift.
22,26
 The model 
contains a large vacuum gap (> 10 Å) along the [111] direction in order to eliminate slab-slab interactions. 
For geometry optimizations on hydrated ceria (111) surfaces, the bottom two CeO2 tri-layers were fixed. The 
DFT-D3 method of Grimme et al.
55
 was used to capture the dispersion interactions between water molecules 
and the ceria (111) surface. Reciprocal space for all calculations was sampled with a 2 × 2 × 1 
Monkhorst−Pack grid. 
 
The average adsorption energies of H2O (𝐸𝑎𝑑𝑠
𝑎𝑣𝑔







{𝐸[𝑛𝐻2𝑂/𝐶𝑒𝑂2] − 𝐸[𝐶𝑒𝑂2] − 𝑛𝐸[𝐻2𝑂]}, 
where 𝑛 is the number of adsorbed water molecules, 𝐸[𝑛𝐻2𝑂/𝐶𝑒𝑂2], 𝐸[𝐶𝑒𝑂2], and 𝐸[𝐻2𝑂] are the 
calculated total energies of the adsorption complex, the ceria substrate, and the gas phase H2O molecule, 
respectively. The climbing-image nudged elastic band (CI-NEB) method was used to locate the transition 
















O was utilized. The isotropic chemical shifts (𝛿𝑖𝑠𝑜) were calculated according to 
𝛿𝑖𝑠𝑜 = 𝛿𝑐𝑎𝑙 + 𝛿𝑟𝑒𝑓, 
24 
 
where 𝛿𝑐𝑎𝑙 represents the unaligned DFT chemical shift and 𝛿𝑟𝑒𝑓 is the reference chemical shift. For all 
slab models studied, the average value of the unaligned 
17
O DFT chemical shifts in the bulk-like layers (O 
layers 4 – 9) is 830 ppm; by aligning this value to the experimental 17O shift of 877 ppm for bulk oxygen 




Characterization data, experimental NMR spectra, and DFT computational data. This material is available 
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